The effects of strain rates on compressive deformation behavior and microstructure evolution of kinetic sprayed pure aluminum were investigated. The initial microstructure showed a highly deformed structure with high-dislocation density. This material exhibited higher yield strengths from 200 to 224 MPa with different strain rates and low strain rate sensitivity (0.012) compared to those of conventional pure aluminum. Strain softening occurred at lower strain rates, even at room temperature, and strain hardening at high strain rates.
Introduction
Kinetic spraying (or cold spraying) is a process through which powder is deformed and deposited using high-impact velocities (300 to 1200 m s ¹1 ) of metal powder particles at relatively low temperatures to form coating layers. This process is known to be capable of manufacturing coating materials that show more-excellent characteristics such as relatively high densities, low oxides, high adhesive strength, and high hardness compared to general thermal spray processes. 1, 2) Coating materials are generally manufactured into thin films that are primarily used as functional materials, but have limitations in their use as structural materials. Recently, however, A. C. Hall, et al. 3) and F. Gartner, et al. 4) manufactured coating materials approximately 10 mm thick, using a kinetic spray process. They sampled tensile test specimens in a direction perpendicular to the spraying direction (the same as the thickness direction) to examine the mechanical properties of these coating materials and reported the tensile properties. On the other hand, considering that the thickness-direction mechanical properties of coating materials are important, the researchers of this study recently manufactured approximately 15 mm thick pure aluminum materials by using a kinetic spray process and reported their compressive deformation behavior. 5) In the results, these materials showed more-excellent yield strength than materials manufactured using severe plastic deformation processes such as Equal Channel Angular Pressing (ECAP). Based on these results, the researchers presented the possibility of producing new bulk materials (structural materials) that show excellent mechanical properties by using kinetic spray processes. 5) Although coating materials manufactured through kinetic spray processes have been reported to have excellent mechanical properties, the deformation behavior of these materials has hardly been known to date; in particular, strain rate effects, which must be considered in structural materials, have never been studied in relation to these materials. In this study, the thickness-direction compressive properties of bulk pure aluminum materials manufactured through a kinetic spray process were examined in relation to strain rates at room temperature. Attempts were also made to analyze/ clarify the compressive deformation behavior and evolutions in microstructures of these materials. Figure 1 shows the characteristics of the initial pure aluminum powder (Kojundo Co.) used in this study. The powder stock consisted of around 3 to 5 µm-sized grains with an average size of 18.74 µm and irregular oval shapes made of 99.9 mass% aluminum. Using pure aluminum powder, approximately 15 mm thick pure aluminum coating materials were manufactured through a kinetic spray process. A kinetic spraying system (Kinetics 3000, Cold Gas Technology GmbH, Ampfing, Germany) was utilized for manufacturing the coating layer. The details were set forth in a previous paper by the researchers.
Experimental Procedure
5) The coating layer was secondarily machined differently for tests at low, intermediate, and high strain rates for compressive tests. The resulting specimens used were cylindrical, measuring¯5 mm and 7 mm in height for low and intermediate strain rates, and¯8 mm and 3 mm in height for high strain rates. Compressive tests were conducted using an Instron 4485 (Instron Corporation, Norwood, MA) for low strain rates (10 ¹3 , 10 ¹2 , 10 ¹1 s ¹1 ), Gleeble equipment (1, 10 s
¹1
) for intermediate strain rates, and split Hopkins pressure bar (SHPB) equipment for high strain rates (1900, 3300 s ¹1 ). The recorded load-time curves were converted to true stress-strain curves in the low and intermediate strain rates (Instron and Gleeble equipments). In the case of high strain rates, stressstrain curves were acquired by measuring the stress waves propagating through the incident and transmitted bars in SHPB apparatus. For this reason, strain gauges were attached at the mid-span on the surface of the pressure bars. Friction effects were compensated using graphite sheets and lubricant. All compressive tests were conducted at least three times under each condition, and the representative compression curves and average characteristics obtained from among the tests were used. Before and after the tests, the microstructures of the coating materials were examined through electron backscatter diffraction (EBSD) and transmission electron microscopy (TEM) observations following deformation. As-sprayed and deformed coating layers were mounted and mirror-polished using diamond paste, and then re-polished using a 0.04 0.05 µm colloidal silica (CS) suspension to clearly obtain the patterns occurring in several dozen nm thicknesses from the surfaces. The EBSD mapping data were corrected using a threshold angle of 5°. TEM observations were performed using a Hitachi H-7650 microscope operating at 100 kV.
Results and Discussions
Figure 2(a) shows the compressive stress-strain curves of the kinetic sprayed aluminum material at room temperature. The yield strength of this material was found to be approximately 200 MPa (10 ¹3 s
¹1
), which is much higher than the yield strength (65³80 MPa) of general pure aluminum materials. 6, 7) In addition, this material showed more-excellent yield strength than that of high-strength aluminum (³180 MPa) 8) manufactured through the ECAP process, a severe plastic deformation method. The relationship between flow stress and strain rates can be expressed as strain rate sensitivity (m).
9) The strain rate sensitivities of the yield strength of general aluminum materials and that of kinetic spray materials were obtained, and the results are presented in Fig. 2 (b). As shown in Fig. 2 (b), the pure aluminum material manufactured through the kinetic spray process showed typical strain rate effects wherein the yield strength increased from 200 MPa to 224 MPa when the strain rate reached 3300 s ¹1 and the strain rate sensitivity measured under the condition was 0.012. This value is very low, considering the fact that the strain rate sensitivity of general pure aluminum is approximately 0.032 6) ³0.055. 7) In addition, despite the fact that room temperature was maintained, when compressive deformation occurred, an unusual strain softening phenomenon, i.e., decreases in flow stress after the peak stress, was observed (with lower strain rates; from 10 ¹3 to 10 s ¹1 ). On the other hand, when the material was deformed under the 1900 and 3300 s ¹1 condition, the strain softening phenomenon was not detected; instead, a strain hardening phenomenon ® which generally appears in metallic materials ® was observed.
As mentioned earlier, aluminum materials manufactured through the kinetic spray process showed three distinctive characteristics: i) excellent yield strength, ii) relatively low strain rate sensitivity, and iii) changes in flow stress tendencies according to strain rates (strain softening and hardening). In relation to these distinctive room-temperature compressive deformation behaviors, as-sprayed and post-deformation microstructures were carefully observed. Figure 3 shows the as-sprayed state microstructures. As seen in Fig. 3(a) , the initial powder was deposited and elongated/ deformed perpendicularly to the spraying direction. According to the results of EBSD observation (Fig. 3(b) ), approx- imately 3³4 µm grains constituting the initial powder existed in deformed shapes, with sub-micron-sized, very fine grains distributed as well. The average size of as-sprayed state grains was approximately 1.7 µm, which was slightly smaller than the grain size appearing in the initial powder. In addition, the variation in the orientation gradient (color gradient) within the grains ® which in this context means the spatial change (difference) in color within a grain that differentiates according to EBSD outcomes ® indicates that the microstructure is made up of dislocation structures and cells with low angle grain boundaries. The abovementioned microstructures are considered to have high internal stress because every aluminum particle collides with the substrate material or pre-deposited particles at high speed owing to the nature of kinetic spray processes, i.e., causing severe plastic deformation to individual particles; the energy generated by deformation (dislocation structure and cells) is not recovered because the kinetic spray processes are implemented at relatively low temperatures. Furthermore, Assadi, et al.
1) and Bae, et al. 2, 10) suggested that, in kinetic spray processes, when particles flying at high speeds collide with the substrate or other particles, thermal boost-up zones (TBZ) will be formed on the particle/substrate or particle/particle interfaces due to adiabatic shear instability (ASI). The very small grains mentioned above are deemed to appear because TBZs are formed in inter-particle areas as a result of collisions between powder particles when kinetic sprayed coating layers are formed. In other words, the aluminum particles deformed due to high-speed impact get thermal energy so that the grain refinement phenomenon occurs. 2, 11, 12) The results of TEM observation in inter-particle areas showed approximately 200 nm-sized grains (the black arrows in Fig. 3(c) ). By observing the grain boundary shapes of these fine grains (white arrow), a polygonization mechanism that can occur in severely deformed structures due to thermal energy could be seen, as published by H. L. McQueen.
13) The aforementioned results are similar to those observed when metals such as pure 
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bulk Al are deformed due to high speeds at room temperature. As mentioned earlier, the microstructures are considered to show high compressive yield strength at room temperature because of as-sprayed structures with high internal energy (high dislocation density) and sub-micronsized grains. In addition, metal materials that generally show metallic materials with high dislocation densities are known to exhibit low strain rate sensitivity, 14, 15) and materials manufactured through kinetic spray processes can be considered to show low strain rate sensitivity because they already have quite even and large hardened structures.
The microstructure after deformation was observed according to strain rates, and the results are presented in Fig. 4 . Figure 4(a) shows the results of observation of deformed structures of kinetic sprayed coating materials at a strain rate of 10 ¹3 s ¹1 (different with as-sprayed microstructure). In comparing the results of EBSD analysis after deformation, grains elongated in the form of ribbons were found; the relatively large grains observed in the as-sprayed were hardly detected, and sub-micron-sized fine and independent grains were noted. The average sizes of the grains after deformation were around 600 nm. The microstructures after deformation were also examined using TEM (Fig. 4(c) ). In the results (c), dislocation densities were observed to have somewhat decreased throughout the specimens (with evidence of reduced orientation gradients and fraction of low angle boundary (LAB) and high angle boundary (HAB) from 3.67 (as-sprayed) to 3.32 (deformed with low strain rates)). When the boundaries of the grains that were formed after deformation were examined more carefully (Fig. 4(c) , black arrows), the grain boundaries were found to be smooth, similar to but with a slightly lower dislocation density compared to those observed in the as-sprayed state. On the other hand, the results of EBSD analysis of specimens deformed at a strain rate of 3300 s ¹1 (Fig. 4(b) ) revealed that some of the deformed powder shapes appearing in the initial coating materials were maintained as they were, and that grains finer than those appearing at low strain rates were observed in localized regions. And the fraction of LAB/HAB was increased to 4.21 (higher than the as-sprayed state). According to the results of observation of TEM (Fig. 4(d) , localized regions), grain sizes of approximately 250³300 nm were identified. In addition, at grain boundaries, unlike the case of low strain rates, shapes in which dislocations piled up could be easily observed.
Changes in flow stress can be explained as the sum of two different behaviors: the hardening mechanism and softening mechanism activated during deformation. In previous studies, the authors of this study analyzed some of the distinctive room temperature strain softening phenomena of pure aluminum materials manufactured through kinetic spray processes and presented the results. 5) Previous studies generally explained that, if materials manufactured through the severe plastic deformation process are deformed at relatively high temperatures and low strain rates, dislocations will be rearranged (dynamic recovery or recrystallization) instead of accumulated, so that sub-micron-sized grains or nano-sized grains are formed to reduce flow stress.
1618) As mentioned in the results of microstructure observation, in the case of materials manufactured through the kinetic spray process, high-density incidental dislocations (IDs) are formed inside grains because each powder collides at high speed (relatively low temperature). These are slightly different microstructures from those of materials manufactured through severe plastic deformation and which show highdensity geometrically necessary dislocations (GNDs). Accordingly, it is considered that dynamic recovery behavior can be activated during deformation (low strain rate) even at room temperature, and the high internal energy accumulated in the materials is reduced, so that strain softening occurs. On the other hand, it was found that, as strain rates increased, general deformation hardening phenomena occurred, and sub-micron-sized grains appeared only in some localized regions, unlike those microstructures (ribbon type) deformed at low strain rates (Fig. 4(c) ). In addition, those sub-micronsized grains formed through deformation at high strain rates were found to be finer than those grains formed through deformation at low strain rates (250³300 nm, Fig. 4(d) ). This phenomenon is considered similar to the strain localization (shear bands, micro-band, etc.) phenomenon that appears when materials manufactured through severe plastic deformation processes are deformed at high strain rates. 16) In other words, the dynamic recovery phenomenon occurs only in regions where deformation is concentrated, and relatively finer grains than those formed at low strain rates are formed only in these regions. This result is similar to the result of compressive deformation of general bulk aluminum materials reported by Gourdet and Montheillet, 17) i.e., although dynamic recovery behavior occurs when kinetic sprayed materials have been deformed at high strain rates, it does so only in certain regions. Accordingly, strain softening behaviors decrease greatly, 18) and deformation hardening phenomena, where flow stress is similar to that of general materials' behavior, occur. Given the abovementioned results, kinetic sprayed aluminum materials can be considered to be a new high-strength material wherein severe plastic deformation effects are evenly controlled throughout the material because every powder particle has been independently processed strongly and hardened (during the deposition process). Therefore, kinetic sprayed materials show distinctively different deformed structures from those of materials manufactured through general severe plastic deformation processes; they have also been found to show strain softening phenomena even at room temperature at low strain rates, but exhibit hardening behaviors similar to those of general materials at high strain rates.
Conclusion
In this study, the effects of strain rates on the compressive deformation behavior of pure aluminum materials manufactured using kinetic spray processes were presented. In addition, the deformed microstructures that change according to strain rates were analyzed to derive several conclusions. Unlike materials manufactured through general severe plastic deformation processes, pure aluminum materials manufactured through kinetic spray processes showed distinctive structures wherein high-density dislocation structures had accumulated because individual powder particles collided at high speed. These materials showed very high compressive yield strength and low strain rate sensitivity (0.012). In low strain rate conditions, even dynamic recovery (sub-micronsize grains) occurred in internal dislocation structures, thereby showing strain softening phenomena even at room temperature. On the other hand, in high strain rate conditions, strain localization occurred similarly to general severe plastic deformed materials, exhibiting deformation hardening phenomena. Through the abovementioned processes, it could be seen that kinetic spray processes make for a new process through which materials with excellent mechanical properties can be manufactured.
